Bisphosphonates are used with increasing frequency in the management of skeletal complications in patients with breast cancer. In this paper, we have investigated whether bisphosphonates, besides their known beneficial effects on tumor-associated osteoclastic resorption, are capable of inhibiting breast cancer cell adhesion to bone matrix. For that we used two in vitro models for bone matrix (cortical bone slices and cryostat sections of trabecular bone from neonatal mouse tails).
Introduction
Breast carcinoma metastasizes frequently to the skeleton and causes considerable morbidity and deterioration of the quality of life. The clinical consequences of skeletal metastases are bone pain, fractures, hypercalcemia, and nerve compression syndromes (1) (2) (3) . The destruction of skeletal architecture at focal sites is thought to be due primarily to stimulation of osteoclastic bone resorption by factors secreted by the neoplastic cells (4) (5) (6) (7) (8) . The reason for the high preference of breast cancer for the skeleton is not known. However, from the moment breast cancer cells are located in the bone microenvironment they stimulate bone resorption with a subsequent selective increase in the attraction and growth of new cancer cells to bone (5, 6, (9) (10) (11) (12) . Therefore, any treatment aiming at palliation or perhaps even prevention of bone metastases should focus on disrupting these two steps involved in the initiation and amplification of the metastatic process.
Bisphosphonates are synthetic compounds, which are taken up preferentially by the skeleton and suppress bone resorption by inhibiting the activity of mature osteoclasts and/or the formation of new osteoclasts. For this, they are used in the treatment of patients with breast cancer and bone metastases. They have been shown to be extremely effective in the treatment of hypercalcemia and are now the treatment of choice (13) . In addition, they have been shown to significantly reduce skeletal morbidity in patients with breast cancer and bone metastases and to improve certain aspects of the quality of life (14) (15) (16) (17) (18) (19) . Moreover, in a recently published study, Sasaki et al. (20) presented evidence that bisphosphonate treatment not only significantly decreased the progression of bone metastases in nude mice injected with breast cancer cells but, in addition, it reduced the tumor load to the skeleton.
Morphologic observations in patients with metastatic disease reveal the presence of cancer cells in the bone marrow and also on the bone surface. Tumor cells are frequently found adjacent to resorbed bone margins without evidence of resorbing osteoclasts (8, 21, 22) . In earlier studies it was already shown that breast cancer cells, apart from their action on osteoclastic resorption, may also directly destroy bone (21) (22) (23) . Taken together, this evidence strongly suggests an important role for the attachment of cancer cells to bone matrix in the metastatic process. In previous studies, we and others have shown that exposure of calcified matrix of bone to bisphosphonates in vitro alters properties of the matrix required for the osteoclast (precursor) attachment to bone and subsequent differentiation into mature osteoclasts (24) (25) (26) (27) (28) (29) . Therefore, in this study we have investigated whether bisphosphonates may also affect the adhesive properties of breast cancer cells to extracellular bone matrix.
Our results show that bisphosphonates, in addition to their antiresorptive action, can also inhibit the adhesion of breast cancer cells to extracellular bone matrix in vitro. This previously unrecognized effect of bisphosphonates may lead to improved management of patients with breast cancer at risk of developing bone metastases.
Methods
Breast cancer cell line and cell culture conditions. The mammary carcinoma cell line MDA-MB-231 was purchased from the American Type Culture Collection (Rockville, MD). This estrogen receptornegative cell line was established from a single pleural effusion obtained from a 51-yr-old white woman with poorly differentiated adenocarcinoma (30) . It was shown recently that MDA-MB-231 cells, when injected into the left heart ventricle of nude mice, form osteolytic metastases (references 6, 20, and our unpublished observations).
For attachment assays, tumor cells were cultured in RPMI 1640 ϩ 10% fetal bovine serum ϩ penicillin/streptomycin (GIBCO-BRL Life Technologies, Breda, The Netherlands) in a humidified incubator at 37 Њ C at 5% CO 2 until ‫ف‬ 90% confluency and dissociated into single cell suspensions from the tissue culture flasks using a 0.05% EDTA solution in PBS for 3 min. No trypsin was used to avoid putative proteolytic degradation of relevant adhesion receptors by the enzyme. Cells were washed and resuspended in serum-free medium (RPMI 1640 ϩ ITS ϩ ) containing 5 g/ml cycloheximide. Cycloheximide was added to prevent the tumor cells from synthesizing extracellular matrix molecules (during the attachment assays) which may affect the kinetics and specificity of the adhesion assay. The viability of the cells before and after the experiments was measured by trypan blue exclusion.
Bisphosphonates. Adhesion of breast cancer cells to cortical bone slices. Bovine cortical bone slices, a kind gift of Dr. Tiina Laitala (University of Oulu, Oulu, Finland), were preincubated for 18 h in 2 ml serum-free medium with varying concentrations of bisphosphonates (10 Ϫ 6 to 10 Ϫ 4 M). Subsequently, the wells were washed twice with 1 ml of serumfree RPMI 1640 culture medium and preincubated for 30 min in serum-free medium RPMI 1640 supplemented with glutamine, and 0.5% insulin-transferrin-selenite-bovine serum albumin (ITS ϩ ; GIBCO-BRL Life Technologies) at 37 Њ C in a humidified incubator (5% CO 2 ). Subsequently, the medium was removed and tumor cells were seeded on top of these slices at a density of 100,000 cells/500 l serum-free medium (RPMI 1640 ϩ ITS ϩ ) and incubated for 3 h. After incubation the bone slices were removed from the wells and washed three times in PBS, fixed for 30 min with 500 l 3% paraformaldehyde in PBS containing 2% sucrose. Bone slices were stained for 8 min with 1% toluidine blue in 1% sodium borate and, after fixation, washed three times with PBS and mounted on glass coverslips with Histomount (National Diagnostics-Brunschwig Chemie, Amsterdam, the Netherlands). Stained bone slices were kept dark before histologic examination. Cells located within two nonoverlapping microscopic fields were counted ( ϭ 2.54 mm 2 ) for each bone slice. Each experimental group was performed in fourfold and experiments were repeated at least three times.
After fixation and staining the number of nonspread cells was determined by counting the same microscopic fields as described above. After 18 h of pretreatment of the bone slices with varying concentrations of bisphosphonate, breast cancer cells (100,000 cells/500 l serum-free medium) were seeded for 3 h on bisphosphonate-pretreated bone slices at 37ЊC. Each experimental group was performed in fourfold and experiments were repeated at least three times. The values are expressed as treatment/control (ϭ bisphosphonate/no bisphosphonate pretreatment). The bars indicate SEM and significances were calculated using one-way ANOVA followed by a Fisher's PLSD test. After 18 h of pretreatment of the bone slices with varying concentrations of bisphosphonate, breast cancer cells (100,000 cells/500 l serum-free medium) were seeded for 3 h on bisphosphonate-pretreated bone slices at 37ЊC. The values are expressed as treatment/control (ϭ bisphosphonate/no bisphosphonate pretreatment). Each experimental group was performed in fourfold and experiments were repeated at least three times. The bars indicate SEM and significances were calculated using one-way ANOVA followed by a Fisher's PLSD test. and their tails were dissected, stretched in Tissue Tek (Miles Scientific, Naperville, IL), frozen in liquid N 2 for at least 10 min and stored at Ϫ 80 Њ C as described before (31). 5-m sections were cut at Ϫ 20 Њ C using a cryostat (Microm HM 500 M) and subsequently transferred to 3-aminopropyltriethoxy-silane (Sigma Chemical Co., St. Louis, MO) coated glass coverslips and stored at Ϫ 80 Њ C until use.
Before adhesion experiments the cryostat sections were air dried at room temperature for 30 min. Around each tissue section a (hydrophobic) line was drawn with a DAKO pen (code No. S 2002; DAKO A/S, Copenhagen, Denmark) to avoid spreading of the cell suspension over the entire glass coverslip area. Subsequently, Tissue Tek was removed by incubating the sections for 5 min in a large volume of PBS. The sections were incubated at 4 Њ C with 100 l of PBS ϩ 2% wt/vol BSA-fraction V for 2 h to avoid nonspecific binding. The effects of bisphosphonates on adhesion of mammary carcinoma cells were determined after pretreatment of cryostat sections with 100 l of bisphosphonates for 2 h at varying concentrations (10 Ϫ 6 to 10 Ϫ 4 M). Subsequently, the bisphosphonate solution was removed and the sections were washed twice with PBS before the tumor cells were seeded on top of the tail sections according to the method described below. Values are expressed as the percentage of control (no bisphosphonate pretreatment) in which the treated group represents the bisphosphonate-pretreated sections.
Tumor cells were resuspended in serum-free medium (RPMI 1640 ϩ ITS ϩ ), counted and seeded at a density of 100,000 cells in 100 l medium onto longitudinal mouse tail sections, and incubated for 1 h at 37 Њ C in a humidified incubator (5% CO 2 ). After incubation the sections were washed three times with PBS (to remove nonadherent cells) and attached cells were fixed in 4% paraformaldehyde for 30 min. Subsequently, the sections were washed with PBS and stained with hematoxylin for 2 min. The hematoxylin was removed and the stained sections were washed in running tap water for several minutes. The sections were mounted in Histomount (National Diagnostics-Brunschwig Chemie, Amsterdam, The Netherlands) and covered with coverslips.
Two separate areas were counted within each tail sections: (calcified) vertebrae and their noncalcified surrounding tissue consisting of muscle and skin. Cell numbers were determined by counting one microscopic field for each central section of vertebrae 16 and 17 (and their surrounding tissue) at an original magnification of 200. The central sections of the tail were made from the same animal and used for control and experimental groups. The experiments were performed in sixfold and repeated twice.
Statistics. Significance between the experimental groups within each experiment was calculated using a factorial one-way ANOVA followed by a Fisher's PLSD test.
Results
Six bisphosphonates (etidronate, clodronate, pamidronate, olpadronate, alendronate, and ibandronate) were tested for their ability to interfere with the adhesion of human mammary carcinoma cells (MDA-MB-231) to cortical and trabecular bone matrices.
Bovine cortical bone slices (calcified bone matrix) were pretreated for 18 h with varying concentrations of bisphosphonates (10 Ϫ 6 to 10 Ϫ 4 M). Subsequently, the bone slices were washed three times in PBS to remove nonbound bisphosphonate before breast cancer cells were seeded on top of the bisphosphonate-pretreated bone matrix. Under control conditions (no bisphosphonate pretreatment), MDA-MB-231 cells adhere to cortical bone within 3 h and subsequently spread. Nearly all adherent cells (95%) spread on the bone substrate within 2 h. Pretreatment of bone slices with clodronate and etidronate between 10 Ϫ 6 and 10 Ϫ 4 M had little or no effect on the adhesion of breast cancer to these slices (Fig. 1 ). In contrast, pretreatment of the bone slices with the four nitrogencontaining bisphosphonates (pamidronate, olpadronate, alendronate, and ibandronate) inhibited the adhesion of breast cancer cells dose-dependently (Fig. 1 ). There were differences in potencies among these four nitrogen-containing bisphosphonates with ibandronate being the most potent of the four. The order of potency of the six tested compounds corresponds to their ranking in bone resorption assays representative of their relative potencies in vivo (24) (25) (26) (27) (28) (32) (33) (34) . In addition to their effect on adhesion of the breast cancer cells to cortical bone slices, all four nitrogen-containing bisphosphonates tested decreased significantly and dose-dependently the spreading of breast cancer cells while etidronate and clodronate had little or no effect. This is illustrated in Fig. 2 where the fraction of nonspread adherent cells was calculated as described in Methods.
In Fig. 3 histological examples of control and bisphosphonate-treated cortical bone slices are shown. There were no differences in adhesion and spreading of cancer cells between control and clodronate-treated bone slices. At equimolar concentrations, pamidronate and olpadronate pretreatment not only decreased the adhesion and spreading of the malignant cell but also altered their morphology. Cells were more rounded, less spread, and frequently displayed cytoplasmic extrusions (Fig. 3) , whereas their viability was not affected as determined by trypan blue exclusion ( Ͼ 95% viable cells at all bisphosphonate concentrations tested).
The effects of bisphosphonates on adhesion of breast cancer cells to bone matrix were further tested using another in vitro attachment assay of trabecular bone. In longitudinal sections (5 M) through a 2-d-old neonatal mouse tail (Fig. 4 , caudal vertebrae 16-18), the mid-region and proximal end of the cryostat tail section consist of calcified trabeculae (31, 35).
Therefore, using a single cryostat section it is possible to test the ability of breast cancer cells to adhere to the vertebrae as well as to adjacent nonskeletal tissues (muscle, skin). Mammary carcinoma cells (MDA-MB-231) settled and spread on longitudinal cryostat sections of mouse tail vertebrae. Pretreatment of these tail sections with bisphosphonates at varying concentrations differentially affected breast cancer cell adhesion (Fig. 5) . Adhesion of mammary carcinoma cells to vertebrae was inhibited selectively and dose-dependently after pretreatment with the nitrogen-containing bisphosphonates (Fig. 5 A ) . In contrast, no inhibition was found with etidronate and clodronate at all concentrations tested. These data are in total agreement with those obtained in cortical bone slices. Furthermore, the order of potency of the tested bisphosphonates again corresponded to their ranking in bone resorption assays. In contrast, bisphosphonate pretreatment had no effect on the adhesion of tumor cells to tissues directly adjacent to these vertebrae (surrounding tissue, Fig. 5 B ) . Fig. 6 depicts the morphological appearance of MDA-MB-231 mammary carcinoma cells on the calcified matrix of vertebrae and their (nonmineralized) surrounding tissues after pretreatment with the nitrogen-containing bisphosphonate ibandronate ( c and d ) and their respective controls ( a and b ). Thus, it appears that the effects of bisphosphonates on the adhesion of tumor cells are specific for the mineralized bone matrix.
Discussion
Bisphosphonates are powerful pharmacologic tools for the management of skeletal complications in patients with breast cancer (1-4, 11, 13-19, 36) . In this paper, we have investigated whether bisphosphonates, besides their beneficial effects on tumor-associated osteoclastic resorption, are capable of inhibiting breast cancer cell adhesion to bone matrix. For this we used an in vitro model (cortical bone slices) to study the effects of bisphosphonates with variable structures and antiresorptive potencies on cellular adhesion. This well established in vitro model is mainly used to study the resorptive capacity of adherent osteoclasts (29, 37, 38) . In addition, we used cryostat sections of neonatal mouse tails, a recently described, convenient, and reliable method to study adhesion characteristics of breast cancer cells to trabecular bone (caudal vertebrae) (31). Within each cryostat section evaluation of the cellular adhesion to adjacent tissue may further improve the interpretation of the results and provide a clue for putative tissue specificity.
We show here that breast cancer cells adhere rapidly to extracellular bone matrix and we present direct evidence that adhesion to extracellular bone matrix can be modulated after pretreatment of cortical or trabecular bone with bisphosphonates. All four matrix-bound potent nitrogen-containing bisphosphonates (pamidronate, olpadronate, alendronate, and ibandronate) inhibited the adhesion of MDA-MB-231 mammary carcinoma cells to cortical bone slices and mouse tail vertebrae dose-dependently. Pretreatment of both cortical and trabecular bone matrices with clodronate and etidronate, however, had no significant effect on cellular attachment at the concentration range tested. Moreover, the antiadhesive effect of nitrogen-containing bisphosphonates was bone specific since pretreatment of nonmineralized tissues with bisphosphonates did not affect adhesion of the breast cancer cells. In addition, we showed that the number of nonspread adherent cells increased proportionally with increasing concentrations of nitrogen-containing bisphosphonates. Thus, matrix-bound bisphosphonates appear to act on breast cancer cells by inhibiting the initial attachment as well as their subsequent spreading on extracellular bone matrix. The mechanism underlying this antiadhesive property of the nitrogen-containing bisphosphonates cannot be deduced from our studies. Strikingly, however, the ranking of potencies of the tested bisphosphonates correlates closely with their relative potencies in inhibiting osteoclastic resorption in vivo and in in vitro bone resorption models that are predictive for their in vivo efficacy (24-28, 32-34, 36, 39, 40) .
It has been shown earlier that bone matrix-bound bisphosphonates may suppress osteoclastic resorption not only through inhibition of the activity of osteoclasts, but also by inhibiting the adhesion of osteoclast precursors and their subsequent differentiation into mature resorbing osteoclasts (24) (25) (26) (27) (28) 32) . Recent studies suggested that they may also inhibit the attachment of mature osteoclasts to cortical bone slices (29) . It may be that comparable mechanisms underlie the observed effects of bisphosphonates on recognition of extracellular bone matrix by breast cancer cells. For example, they may interfere with matrix-bound factors that are responsible for adhesion (i.e., at- tachment proteins) and/or specific matrix signals needed for recognition of bone by normal cells (i.e., osteoclast precursors) or malignant cells of osteotropic tumors (i.e., breast cancer cells). The vitronectin receptor, which is highly expressed in osteoclasts, is important for the adhesion of osteoclasts (precursors) to bone matrix (41), osteoclast migration, and osteoclastic resorption (42) (43) (44) . Breast cancer cells express integrins which recognize specifically certain bone matrix proteins (45, 46) and we recently demonstrated specific interactions between breast cancer cells with the bone-specific protein BSP (31). In addition, it has been shown recently that the expression of the ␤ 3 integrin, a structural component of the vitronectin receptor, is enhanced in skeletal metastatic sites (47) . Thus, we may be dealing with cell-matrix interactions of a more general nature which can be modulated by bisphosphonates.
Accumulating clinical evidence suggests further that the overall efficacy of bisphosphonates on skeletal metastases is not solely due to their action on bone resorption. Although all studies reported so far have demonstrated significant reduction in skeletal morbidity in patients with breast cancer by bisphosphonates, their effect is incomplete and dose dependent (18). Our present study, showing that bisphosphonate doses higher than those required for the suppression of bone resorption are needed for the inhibition of the attachment of breast cancer cells to bone matrix, is in line with the clinical observations. Our findings further suggest that certain bisphosphonates may be suitable for earlier intervention in breast cancer patients at risk of developing bone metastases by arresting the adhesion of cancer cells to bone. Although this is speculative at present, evaluation of the previously unrecognized action of bisphosphonates, described here, certainly warrants further in vivo investigation.
